Summary. The present study describes the development and differentiation of microglial cells in the spinal cord of postnatal rats ranging from 1 day to 3 weeks of age. Using the monoclonal antibody OX-42, three different morphological forms of immunoreactive cells (SP, TLP, and AP) were identified based on their staining intensities, cell shapes and configurations of their cytoplasmic processes. Round or oval cells with short thick processes (SP) and cells with thick or thin long processes (TLP) were common in younger rats (1 day-1 week), while cells with attenuated processes (AP) preponderated in older animals (2-3 weeks). The immunoreactivity of microglial cells was gradually reduced as the cells differentiated progressively from the SP through the TLP type into the AP form. Similar results were obtained using the monoclonal antibody OX-18 and the isolectin Griffonia simplicifolia. None of the cells were stained with the antiboby OX-6. A quantitative study showed a rapid increase in the cell density of OX-42 positive cells in both the gray and white matter from 1 day to 2 weeks of age, but this appeared to decrease thereafter. The increase in the cell density was attributed to the active proliferation of the cells as shown by the detection of many bromodeoxyuridine-labelled cells in the same region. Its reduction in 3-week-old rats was most probably due to the apparent expansion of the spinal cord as a result of the growth of its fibre size and other structural elements.
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The development of microglial cells in various regions of the central nervous system has been the subject of several investigations using different labelling methods (LAWSON et al., 1990; Wu et al., 1993a, b) . Using macrophage specific antibody F4/80, LAWSON et al. (1990) studied the distribution of microglial cells in the normal adult mouse brain and classified them into 3 types: round cells with one or two thick limbs; longitudinally branched and radially branched cells distributed in the circumventricular regions; and fibre tracts and the neuropil. WU et al. (1993a) examined the differentiation of amoeboid microglia into ramified microglial cells in the corpus callosum of rats extending from 21 days postconception to 15 days postnatum with the isolectin, Griffonia simplicif olia. They also classified the lectin-labelled cells, but into 5 different morphological types (round cells and cells bearing either stout, thick, thin process or attenuated processes). According to Wu et al. (1993) , the different morphological forms of microglia represent the different stages of their transformation from the nascent round form into the most mature or differentiated ramified cells which persist throughout adulthood. The heterogeneity of microglial phenotypes was also noted in a recent study by CAGGIANO and BRUNJES (1993) who described the developmental appearance of two forms of microglia (amoeboid and ramified) in the olfactory bulb in postnatal rats by the lectin-labelling method.
Apart from the study of KENNETH et al. (1992) , who described the localization of amoeboid and ramified microglia in the human fetal spinal cord using the lectin ricinus communis agglutinin-1 (RCA-1) and a monoclonal antibody EBM-11, there has been no attempt to study the distribution of microglia in the spinal cord. The present study was conducted to find out if the different morphological forms of microglia exist in the spinal cord of postnatal rats and, if so, to examine their distribution patterns and variations in This study was supported by a research grant (RP 920365) from the National University of Singapore. 476 C. KAUR, J. SINGH and E. A. LING: different segments and regions of the spinal cord for the purpose of helping in the understanding of the development and differentiation of microglia associated with the growth of the cord. Monoclonal antibodies of the OX-series, i. e., OX-42, OX-18 and OX-6 and the isolectin, Griffonia-simplicif olia (GSA I-B4) were used as markers for the cell type.
MATERIALS AND METHODS
Forty-four Postnatal Wistar rats, ranging from 1 day to 3 weeks of age were used in this study.
Immunohistochemistry
The rats were perfused, under ether anaesthesia, with Ringer's solution followed by an aldehyde fixative composed of a mixture of periodate-lysine-paraformaldehyde with a concentration of 2% paraformaldehyde according to the method of MCLEAN and NAKANE (1974) . After perfusion, the cervical, thoracic and lumbosacral regions of the spinal cord were removed and were fixed in a similar fixative for another 2 h. The tissue specimens were then kept in 0. 1 M phosphate buffer containing 10% sucrose overnight at 4C. Frozen transverse sections of the spinal cord were cut at 40 p m thickness and rinsed in phosphate buffered saline (PBS). The sections were then incubated with monoclonal antibodies OX-42 (Sera Lab, MAS37Ob), OX-18 (Sera Lab, MAS lOlb) and OX-6 (Sera Lab MAS O43b) diluted 1: 100 with PBS; incubation time was between 18 and 24 h at 4C. Subsequent antibody detection was carried out using the Vectastain ABC-kit (PK-4002, Vector Laboratories, Burlingame, CA) against mouse IgG with 3, 3'-diaminobenzidine (DAB, Sigma-5637) as a peroxidase substrate and intensified with nickel ammonium sulphate.
To examine the dividing cells, two rats each at 1 day, 7 days and 2 weeks of age were given a single intraperitoneal injection (50, 100, 200, ul, respectively) of saline containing bromodeoxyuridine (10 mg/ml) (Sigma Co). These rats were perfused and processed as above for immunohistochemistry.
The sections were incubated with antibromodeoxyuridene (Amersham), diluted 1: 1 with PBS. They were immersed in 0. 1 M NaOH for 2 min and then in phosphate buffer at pH 8. 5 for 30 sec prior to incubation with antibromodeoxyuridine according to the method by SVENSSON (1993) . Adjacent serial sections were incubated with the monoclonal antibody OX-42 and processed as described above.
Cell count
This was carried out only in sections stained with OX-42 in 1 day, 1-, 2-, and 3-week old rats because microglial cells were most intensely stained when this monoclonal antibody was applied. Three rats from each of the age groups were used. Two specific areas of the spinal cord, i. e., dorsal column and ventral horn, respectively representing the white and gray matter, were examined. The immunoreactive cells were enumerated under a microscope at a magnification of 400 times in an area outlined by an ocular grid measuring 0. 01225 mm2. A total area of 0. 25 mm2 was examined both in the dorsal column and ventral horn in each rat. In the dorsal column, the OX-42 positive cells were further subclassified and quantified. Histograms were then plotted from the values obtained.
To determine the cross-sectional area of the spinal cord, 3 sections from each of the three respective regions of the spinal cord of the various age groups were photographed at a magnification of X33. The cross-sectional area of the spinal cord in cm2 was measured on photoprints using a Planix 7 digital planimeter. The values taken from the 3 sections of each respective region were then averaged.
Isolectin-labelling
Under ether anaesthesia, the rats were perf used with a fixative composed of 1% paraformaldehyde and 1 glutaraldehyde in 0. 1 M phosphate buffer after a brief prewashing with Ringer's solution. Cervical, thoracic and lumbosacral regions of the spinal cord were removed and 30 jim thick transverse sections from the 3 regions were prepared. The sections were then incubated for 24 h at 4C in a medium containing commercial isolectin Griff onia simplicif olia peroxidase conjugate [GSA-I-B4, Sigma Co., Cat no. L5391; 0.025mg/ml of Tris-buffered saline, pH 7.4, with 1 Triton X-100] according to the method by ASHWELL, et al. (1989) . The sections were subsequently reacted with nickel-enhanced diaminiobenzidine technique (ADAMS, 1981) . They were counterstained with thionin, dehydrated and mounted.
RESULTS

Immunohistochemistry
With OX-42, immunoreactive microglial cells were ubiquitously distributed in the three regions of the spinal cord in both the gray and white matter of all the age groups (Figs. l-4). On closer examination, the OX-42 positive cells displayed diverse morphological forms which varied in proportion by age group. Based on their cell shapes, configurations of their cytoplasmic processes and staining intensities, the OX-42 positive cells were classified into 3 types: i) round or oval cells bearing short thick processes (SP) (Fig. 5) , ii) cells bearing thick or thin long processes (TLP) (Fig. 6) , and iii) cells bearing attenuated processes (AP) (Figs. 7, 8) .
The different morphological forms of OX-42 positive cells were then analyzed in closer detail with respect to their distribution in the white and gray matter of the different regions of the spinal cord and of different ages. The intensely stained SP cells were the preponderant form in the white matter including the lateral, dorsal and ventral columns in 1-day old rats (Fig. 9) ; a few TLP cells lay scattered amongst them. In the gray matter of the same age group, both the SP and TLP types were common (Fig. 10) . With the advance of age in 5 days old rats, the number of SP cells in the white matter appeared to have decreased, while more TLP cells were present in the same age group. Virtually all the OX-42 positive cells in the gray matter were TLP type with a concomitant diminution of SP cells. In 1-week-old rats, the majority of the OX-42 positive cells in the white matter were the TLP type with sporadic SP cells (Fig. 11) . In the gray matter, all the cells observed in this age group were of the TLP type. In 2-3-week-old rats, the OX-42 positive cells present in the white and gray matter were exclusively of the AP type (Fig. 12) .
With the monoclonal antibody OX-18, all three regions of the spinal cord showed the presence of widely distributed immunoreactive cells. Like the OX-42 positive cells, these cells displayed a variety of forms including SP, TLP and AP cells. In 1-day-old rats most of the OX-18 positive cells present in the white and gray matter were of the SP type (Fig. 13) ; only a few TLP cells were observed. In 1-week-old rats most of the OX-18 positive cells were TLP type (Fig. 14) . By 2-3 weeks of age the only immunoreactive cells in both the white or gray matter were a few AP cells with barely detectable immunoreactivity.
The monoclonal antibody OX-6 failed to demonstrated any immunoreactive cells in the gray or white matter of the three regions of the spinal cord in all the age groups.
With the antibody directed against bromodeoxyuridine, labelled cells appeared widely distributed in all the 3 regions (cervical, thoracic and lumbosacral) of the spinal cord in 1-and 7-day-old rats ( Fig. 15) . In the same regions of the adjacent sections, OX-42 positive cells were also observed (Fig. 16) . Bromodeoxyuridinelabelled cells were absent in the spinal cord of 2-week-old rats although OX-42 positive cells were observed in the same age group. A quantitative study showed that the cell density of the OX-42 positive cells in the dorsal column and the ventral horn showed a steady increase up to 2 weeks of age (Figs. 17, 18) . By 3 weeks, the cell density of OX-42 positive cells declined, so that the values were comparable to those of the 7-day-old rats in the respective regions. All three regions of the spinal cord (cervical, thoracic and lumbosacral) followed a similar pattern in the density of the cells. One-way analysis of variance (ANOVA) for cells in the dorsal column in cervical, thoracic and lumbosacral regions in 1-day-old rats showed that the means of the cell counts were not significantly different in the three regions (p=0.95). Similar results were obtained in other age groups (1 wk, p=0.66; 2 wk, p=0.92; 3 wk, p=0.51). ANOVA for the cell counts in the ventral horn also showed results indicating that the means of the cells counts in the cervical, thoracic and lumbar cords were not significantly different in the various age groups (id, p=0. 88; 1 wk, p=0. 58; 2 wk, p=0. 58; 3 wk, p=0. 63). cells between 1 and 7 days of age. From 2 weeks onwards, both SP and TLP cells had disappeared, and only AP cells were observed (Fig. 19) . The cross-sectional areas of the spinal cord from all three regions increased steadily with growth, so that by 2 weeks of age there was almost a two-fold increase when compared with those of 1-day-old rats of the corresponding levels (Fig. 20) . The areas of the cord continued to increase with a further gain of about 13% in 3-week-old rats.
The diverse morphological forms of microglial cells, i. e., SP, TLP and AP were also labelled with the isolectin GSA I-B4. Their distribution patterns were in general agreement with the immunostained sections. In 1-day-old rats, most of the cells in both the gray and white matter were of the SP type (Fig. 21 ) and they were intensely labelled with GSA 1-13, In 1-week-old rats, the majority of the lectin-labelled cells in the white matter were of the TLP type with a few occasional SP cells. On the other hand, all the cells in the gray matter in this age group were of the TLP type (Fig. 22) . In 2-3-week-old rats, the lectinlabelled cells in the gray and white matter were exclusively the AP type (Fig. 23) . The three regions of the spinal cord (cervical, thoracic and lumbosacral) showed a similar pattern of distribution for the various types of lectin-labelled cells. Of the three morphological forms of microglia, the SP and TLP cells were intensely stained, while the AP type cells were weakly stained for the isolectin.
DISCUSSION
The present study showed the immunohistochemical and lectin labelling of various morphological forms of microglial cells in the spinal cord of postnatal rats using the monoclonal antibodies OX-42, OX-18 and the isolectin GSA 1-B,. With OX-42, the SP and TLP cells which were the preponderant forms in the white and gray matter in 1-day to 1-week-old rats were intensely stained. In 2-3-week-old rats, only weakly stained AP cells were observed, while SP and TLP cells had diminished. Studies by several investigators (IMAMOTO and LEBLOND, 1978; MURABE and SANO, 1982; PERRY et al., 1985; FuJIMOTO et al., 1987) showed that the diverse morphological forms of microglial cells in the brain, i. e., round, ramified and intermediate types, belonged to a common cell lineage. The round cells were considered to be the nascent form, with the ramified cells being the most mature or differentiated form of microglia (FERRER and SARMIENTO, 1981; Wu , 1993a) . This view is supported by this study based on our observation of the sequential appearance of SP, TLP and AP cells with advancing age. This would be consistent with previous studies in respect to the transformation of amoeboid microglial cells into ramified microglia in the developing brain (IMAM0T0 and LEBLOND, 1978; LING, 1981; KAUR et al., 1985; KAUR and LING, 1991) . Along with the concept of the transformation of SP into AP cells through the TLP stage with growth, it appears from this study that the differentiation of OX-42 positive cells in the gray matter was not pani passu with those in the white matter. This is because a greater proportion of cells were at the TLP stage in 1-and 5-day-old rats. The reason for this is not clear, although it is tempting to speculate that their early maturation in the gray matter may be related to regional differences in architecture as well as the development of neuronal somata, which are absent in white matter.
OX-42 is known to mark type 3 complement receptors (CR3) in amoeboid and activated microglia in normal brain tissues and in neurodegeneration, respectively (LING et al., 1990; KAUR and LING, 1992) . In the present study, the SP and TLP cells were intensely stained with OX-42, but the immunoreactivity appeared to diminish in the AP cells. A similar phenomenon was observed in the microglial cells in the corpus callosum of the postnatal rat brain where the amoeboid cells were strongly labelled with OX-42 (LING et al., 1990) . As postulated earlier (LING et al., 1990) , the reduced immunoreactivity with the ramification and maturation of the cell type is probably a reflection of a downregulation of its surface antigens.
In all the three regions (cervical, thoracic and lumbosacral) of the spinal cord examined, the cell density of OX-42 positive cells in both the dorsal column and ventral horn increased steadily with age, reaching a maximum at 2 weeks of age but decreased thereafter. The drastic increase in the density of cells in the initial stage may have resulted from the active mitosis of SP cells. This is because a wide occurrence of bromodeoxyuridine-labelled cells was observed in the spinal cord in 1 and 7-day-old rats. In fact, the active proliferative capability of nascent microglial cells has been reported by IMAMOTO and LEBLOND (1978) in the corpus callosum after injections of 3H-thymidine. Another possible explanation for the increase of OX-42 positive cells is the infiltration of monocytes into the spinal cord to give rise to the microglia (LING et al., 1980 (LING et al., , 1982 LING, 1981) . Considering the remarkable increase of microglia over a period of 2 weeks and the fact that we have not observed any monocytes in actual transit across the blood vessels, the increase in the number of microglia would be attributable primarily to their active proliferation.
Naturally occurring cell death in the developing nervous system (COWEN, 1973; LING, 1976; OPPENHEIM, 1981; NURCOMBE et al., 1981; BAULAC and MEININGER, 1983; BENNETT et al., 1983; COMANS et al., 1987; ASHWELL, 1991) would probably act as a stimulus for such an activity and a consequential increase in the number of microglial cells. The apparent decrease in the density of microglial cells in the third postnatal week may be due to the expansion of the spinal cord as a result of growth of its fibre size and other structural elements. The actual number of microglia, therefore, probably remains relatively unchanged after 2 weeks. It is noteworthy that the cell density of lectin-labelled microglial cells in the corpus callosum of postnatal rats also showed a steady increase during the first two postnatal weeks but declined at the beginning of third week (WU et al., 1993a) .
From the present quantitative study, it appears that the microglial cell density is greater in the white matter (dorsal column) when compared with that of the gray matter (ventral horn). The reason for this remains uncertain. It has been suggested that amoeboid microglia may be involved in early myelination (KENNETH et al., 1992) .
The various forms of microglial cells were also labelled with OX-18, which detects the major histocompatibility complex class I (MHC I) antigens. As in the brain tissues (LING et al., 1991) , none of the cells were stained with OX-6 (MHC II) in any age group. The expression of MHC class I but not class II antigen is unclear. As with OX-42, the immunoreactivity of OX-18 appeared to decrease in microglial cells with age, so that by 3 weeks, only a few cells were stained. The diminution of immunoreactivity with age is most likely to be a downregulation of surface antigens which are re-expressed in neural injury (KAUR and LING, 1992) .
The various forms of the microglial cells were also labelled by the isolectin GSA I-B4 which specifically binds alpha-D-galactosyl glycoprotein (STREIT and KREUTZBERG, 1987; ASHWELL, 1991) . The SP cells were intensely stained with the isolectin, but the staining diminished gradually in the TLP and AP cells. This corroborates with the recent findings of WU et al. (1993a) that the glycoconjugates of the plasma membrane of lectin-labelled microglial cells appeared to be downregulated as the cellular differentiation proceeded.
